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Abstract

Carcinoembryonic antigen (CEA) is a cancer vaccines target. Several feature of recombinant 

adeno-associated virus (rAAV) are attractive for vaccine applications. Combining other viral 

vector vaccines with Toll like receptor (TLR) agonists enhances antitumor immunity. Wild-type 

and CEA transgenic (Tg) mice were immunized with rAAV expressing CEA, the TLR9 agonist, 

ODN1826, and the TLR7 agonist, imiquimod. Mice were challenged with MC38 colon tumor 

cells and MC38 cells expressing CEA. rAAV-CEA immunization combined with ODN1826 or 

imiquimod enhanced CEA-specific T-helper-1 immunity and protected against tumor challenge in 

wild-type but not in CEA-Tg mice. In contrast, immunization with rAAV-CEA in CEA-Tg mice 

could abrogate the antitumor effects of ODN1826 and promote tumor growth. Compared to wild-

type, CEA-Tg mice were characterized by a greater myeloid suppressor cell and T-helper 2 

response to TLR agonists and to syngeneic tumors. Depleting PDCA1+ plasmacytoid dendritic 

cells and Gr1+ myeloid cells increased anti-CEA immune responses in CEA-Tg mice to rAAV-

CEA-ODN1826 immunization; depleting CD25+ T cells did not. There are differences in the 

response of wild-type and CEA-Tg mice to rAAV-CEA, TLR agonists, and syngeneic tumor. In 

CEA-Tg mice tumor growth can be promoted with rAAV-CEA and TLR agonists. Dendritic and 

myeloid cells play a regulatory role.
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Introduction

Recombinant adeno-associated virus (rAAV), a nonpathogenic parvovirus, is being tested as 

a vector for gene therapy because of its safety profile and ability to produce durable 

transgene expression in a wide variety of cells. In this testing it become apparent that gene 

transfer is not devoid of immune response and that rAAV can serve as a vaccine vector and 

elicit biologically significant immune responses to microbial and other antigens, including 

tumor-associated antigens.1 Several features of rAAV are attractive for vaccine approaches 

for cancer, including the limited viral vector antigens presented as well as the efficient and 

persistence of antigen expression. In terms of generating the T helper (Th) 1 cellular 

immune responses considered essential to effective antitumor immunity, however, rAAV 

vectors have been relatively weak immunogens.2,3,4

We have demonstrated that rAAV expressing carcinoembryonic antigen (CEA), an antigen 

over-expressed by many common cancers, administered with bacterial plasmids that did and 

did not express immunostimulatory cytokines could enhance antitumor immune responses in 

mouse models.5 Plasmids have been effective in eliciting Th1-associated immunity in part 

due to their expression of unmethylated CpG motifs found in bacterial but not mammalian 

DNA.6 Through interactions with Toll like receptor (TLR) 9, CpG oligodinucleotides 

(ODN) support the maturation/activation of professional antigen presenting cells, and 

promote the induction of Th1-associated cytokines. We have also found the synthetic TLR9 

and TLR7 agonists can improve the antitumor immune activity of rAAV expressing the 

melanoma associated antigen, Trp2, in mouse B16 melanoma.7

In our previous studies of rAAV-CEA, wild-type C57BL/6 mice were immunized and 

challenged with syngeneic MC38 tumor cells expressing CEA. Thus, in these models CEA 

was a non-self/allo-antigen. Mouse models expressing human CEA as a transgene have been 

developed to evaluate CEA-based cancer vaccines. A number of CEA vaccine approaches 

have demonstrated antitumor activity in CEA-Tg mice including poxvirus,8 genetically 

modified cell,9 plasmid DNA,10 and dendritic cell (DC)11 constructs. CpG ODNs have been 

effectively applied in CEA-Tg mice as an immune adjuvant to adenoviral,12 DC,13 and anti-

idiotype antibody-based14 vaccine approaches. We examined the effects of immunizing with 

rAAV-CEA with the TLR7 agonist, imiquimod, and the TLR9 agonist, ODN1826, synthetic 

TLR agonists that have been effectively applied as vaccine adjuvants, including with genetic 

immunization.6 Differential effects were observed in wild-type and CEA-Tg mice. Whereas 

antitumor immune responses could be effectively elicited in wild-type mice, in CEA-Tg 

mice tumor growth could be promoted.

Materials and methods

Mice and cell lines

CEA transgenic mice [C57BL/6J-TgN (CEA Ge) 18FJP] (H-2b) were obtained from Dr. F. 

James Primus, Vanderbilt University Medical Center (Nashville, TN), and bred at the animal 

care facility of the Cleveland Clinic Foundation Lerner Research Institute. Newborn mice 

were screened for the CEA transgene by polymerase chain reaction (PCR) analysis of mouse 

tail DNA.15 Wild-type female C57BL/6 mice were obtained from Taconic (Germantown, 
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NY). Mouse colon carcinoma cell line MC38 and MC38 transfected with human CEA 

(MC38-CEA) were obtained from Dr. Primus. Six- to 8-week-old mice were used for the 

experiments. All animal procedures were performed in accordance with recommendations 

for the proper care and use of laboratory animals.

Immunization and tumor challenge

rAAV serotype 2 encoding CEA was constructed and administered intramuscularly (i.m.) at 

1011 particles in 50 µl normal saline as previously described.5 ODN1826 (The Midland 

Certified Reagent Company, Inc., Midland, TX) and imiquimod (InvivoGen, San Diego, 

CA) were administered at 50 µg in 0.1 ml phosphate buffered saline (PBS) subcutaneously 

(s.c.) and pNGVL3 (National Gene Vector Laboratories, Ann Arbor, MI), at 10 µg i.m., at 

the immunization site. ODN1826 was also administered intratumorally at 50 µg. Mice were 

challenged with 3 × 105 tumor cells subcutaneously in the flank. Tumor size was measured 

at least twice every week with a digital caliper for longest axis (L) and shortest axis (W), 

and tumor volume calculated using the formula: volume in mm3 = (L × W2)/2. When tumor 

growth exceeded 2000 mm3 or tumors became ulcerated, animals were euthanized. Mice 

were also sacrificed to obtain tumor, lymph nodes, and spleens for immune response 

assessment.

Serum antibody

Anti-CEA antibody was measured by enzyme-linked immunosorbent assay (ELISA) as 

previously described, using plates coated with human CEA protein (Fitzgerald Industries 

International, Concord MA) and alkaline phosphatase-conjugated goat anti-mouse IgG.5 

Absorbance was measured at 405 nm on a VersaMax microplate reader using SoftMax Pro 

software (Molecular Devices, Sunnyvale, CA). Absorbance on CEA coated plates was 

corrected for absorbance on parallel plates coated with ovalbumin (Sigma). COL-1 mouse 

monoclonal γ2a antibody to CEA (Neomarkers, Freemont, CA) was used as a positive 

control.

Cytokine release assays

Single-cell suspensions of splenocytes were prepared and stimulated with 25 µg/ml human 

CEA, media alone or 50 µg/ml ovalbumin as negative controls, and 5 µg/ml ConA as a 

positive control, as previously described.5 After 3 days, culture supernatants were collected 

and assayed for IFN-γ by ELISA (R&D Systems, Minneapolis, MN) or for IL-2, IL-4, IL-6, 

IFN-γ, TNF-α, IL-17A, IL-10 using BD Cytometric Bead Array (CBA) Mouse Th1/Th2/

Th17 Cytokine Kit (BD Biosciences, San Jose, CA) according to the manufacturer's 

instructions.

Flow cytometry

Cells were washed twice in PBS - 1% bovine serum albumin plus 0.05% sodium azide and 

stained for 30 minutes on ice with phycoerythrin or fluorescein isothiocyanate conjugated 

monoclonal antibodies to B220, CD11b, CD11c, and Gr1 (BD Biosciences, San Jose, CA) 

and CD4 and FoxP3 (eBioscience Inc., San Diego, CA). Appropriate isotype controls were 

used. After incubation, the cells were washed and fixed with 2% paraformaldehyde. All 
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samples were analyzed using an EPICS Altra flow cytometer (Beckman Coulter, Fullerton, 

CA).

Quantitative real-time PCR (qRT-PCR)

Dissected tumors and lymph nodes were placed in RNA Later (Ambion, Austin, TX) and 

stored at −4°C. RNA was then extracted with RNeasy method (Qiagen, Valencia, CA) 

according to the manufacturer’s direction and stored at −80°C. An ABI Prism 7500 

Sequence Detection System and pre-standardized primers and TaqMan probes for mouse 

IL-10, IL-12(p40), transforming growth factor (TGF) β, arginase (Arg1), CD206 (Mrc1), 

CXCL10, and FoxP3 were used (Applied Biosystems, Foster City, CA). Glyceraldehyde-3-

phosphate dehydrogenase was used as the endogenous control. Reverse transcription and 

PCR was accomplished using a one-step protocol and TaqMan Universal Master Mix 

(Applied Biosystems) according to the recommendations of the manufacturer. Ct values 

were determined, and the relative number of copies of mRNA (RQ) was calculated using the 

ΔΔCt method (Relative Quantitation of Gene Expression, User Bulletin #2, ABI Prism 7700 

Sequence Detection System, Applied Biosystems).

Immunohistochemistry

Tissue sections were incubated for 1 hour at 37°C with the primary antibody to mouse CD4, 

CD8, CD11b, and CD11c (BD Biosciences) diluted 1:100 in PBS containing 2% rabbit 

serum. After washing with PBS, sections were incubated for 15 minutes at 37°C with 

biotinylated secondary antibody, followed by streptoavidin-biotin peroxidase complex 

(Vector Laboratories, Burlingame, CA). Slides were washed, developed with 3,3’ 

diaminobenzidine (Vector Laboratories) and hydrogen peroxide, and counterstained with 

hematoxylin. The intensity of the immunohistochemical reactions was quantified by a Leica 

Image Analysis System with Image Pro, version 6.2 (Media Cybernetics, Bethesda, MD).

Cell depletion

For depletion of myeloid derived suppressor cells (MDSC), 200 µg of anti-Gr-1 antibody 

(RB6-8C5; BioExpress, Lebanon, NH) was injected intraperitoneally (i.p.) every other day 

for 3 doses.16 This treatment reduced the percentage of Gr-1+ cells to <5%. For depletion of 

plasmacytoid DCs (pDCs), 500 µg of anti-PDCA-1 antibody (eBio927; eBiosciences) was 

administrated i.p. every other day for 2 doses.17 This treatment reduced the percentage of 

PDCA-1+ cells within the CD11c+ cells from to <5%. For depletion of regulatory T (Treg) 

cells, 0.5 mg of anti-CD25 antibody (PC61; American Type Culture Collection, Manassa, 

VA) was administrated i.p. every other day for 3 doses18 This treatment reduced the 

percentage of Foxp3+ cells within lymph node CD4+ T cells to <2%. Purified rat IgG 

(Sigma-Aldrich, St. Louis, MO) was used as a control.

Statistical analysis

Standard errors of the mean (SEM) or standard deviations (SD) for each set of 

measurements were calculated and represented as y-axis error bars on each graph. Tumor 

volume data were analyzed using ANOVA. Differences in other parameters between 
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specific groups of replicates were analyzed by two-sided Student’s t test. Changes were 

considered significant if P < 0.05.

RESULTS

Tumor growth effects of rAAV-CEA and TLR agonists

Immunizations were first examined in C57Bl/6 wild type mice (Figure 1). Mice received a 

single i.m. dose of rAAV-CEA. Two weeks later, when CEA protein is maximally 

expressed, mice were injected at the same site with ODN1826, imiquimod, or pNGVL3, the 

plasmid backbone previously shown to be an effective adjuvant.5 Significant tumor 

protection against MC38-CEA tumor cell challenge was again observed when rAAV-CEA 

was followed by pNGVL3 (P < 0.003, compared to rAAV-CEA alone) as well as when 

followed by ODN1826 (P < 0.001) and by imiquimod (P < 0.000001). The same rAAV-

CEA-TLR-agonist approach was then tested in CEA-Tg mice (Figure 2). There was no 

evidence that applying ODN1826 (Figure 2A) or imiquimod (Figure 2B) after AAV-CEA 

promoted an antitumor effect. All mice developed tumors. Furthermore, a small increase in 

tumor growth was observed in mice immunized with rAAV-CEA followed by imiquimod (P 

< 0.05) and by ODN1826 (P < 0.03) compared to un-immunized control mice (Figure 2A). 

To determine whether an anti-CEA response was operational in this tumor growth, CEA-Tg 

were immunized with rAAV-CEA and ODN1826 and then challenged with MC38-CEA 

cells as well as with MC38 cells not expressing CEA. A small increase in tumor growth was 

again observed in immunized CEA-Tg mice compared to un-immunized control mice 

challenged with MC38-CEA (P < 0.03, Figure 2C). No differences in tumor growth were 

induced with immunization in CEA-Tg mice challenged with MC38 cells. CEA-Tg mice 

with established MC38-CEA tumors were then treated with ODN1826 intratumorally, which 

has consistently demonstrated antitumor activity in animal tumor models,19 with and 

without pre-immunization with rAAV-CEA (Figure 2D). The antitumor activity of the 

intratumoral administration of ODN1826 was confirmed; pre-immunization with rAAV-

CEA resulted in less antitumor activity (P < 0.004).

As expected, immunization of wild-type and CEA-Tg mice with rAAV-CEA alone was not 

effective in eliciting anti-CEA cellular immune responses, as assessed by splenocyte CEA-

specific IFN-γ production, nor were the administrations of the ODN1826 or imiquimod 

alone (Figure 3). In wild-type mice, rAAV-CEA followed by ODN1826 or followed by 

imiquimod elicited strong cellular as well as humoral immune responses. Although 

substantially less than that observed in wild-type mice, CEA-Tg mice also responded with 

CEA-specific IFN-γ production (Figure 3A). CEA-specific humoral responses, which were 

elicited with rAAV-CEA alone, were also less in CEA-Tg mice (Figure 3B). The CEA-

specific cellular response, in terms of Th1/Th2/Th17 bias, was compared in a follow-up 

study (Figure 4). Although again substantially less than that elicited in wild-type mice, 

CEA-specific Th1-associated IFN-γ production was observed in CEA-Tg mice (Figure 4A). 

The production of Th2-associated cytokines in response to CEA did not vary between wild-

type and CEA-Tg mice. As a control for these studies, splenocytes were also simulated with 

ConA. The cytokine release profile differed significantly (Figure 4B). Less Th1-associated 
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IFN-γ and TNF-α and more Th2-associated IL-10 were observed in CEA-Tg mice to this 

nonspecific stimulation.

Response to TLR agonists and syngeneic tumor

TRL agonists interact either directly or indirectly with a variety of immune cells. Significant 

differences in the number of lymph node mDC, pDC, activated DC (aDC), Treg cells, 

MDSC, macrophage, B cell, CD4 and CD8 populations of wild-type and CEA-Tg mice at 

baseline were not observed. With the exception of CD4 and CD8 cells, wild-type mice 

manifested greater increases in these populations in response to ODN1826 (Figure 5). To 

examine responses to self/auto-, tumor-associated antigens, a PCR-based technique was 

used to examine these populations intratumorally in syngeneic MC38 tumors that did not 

express CEA (Figure 6A). Compared to when establish in wild-type mice, MC38 tumors 

established in CEA-Tg mice expressed less CD206, a marker of M2-polarization,20 less 

arginase, a product of MDSC and M2-polarized macrophage;21 and less FoxP3, expression 

of which in mice is highly restricted to Treg cells.22 Intratumoral IL-12(p40), a product of 

M1-polarized macrophages, and CXCL10, a marker of M1-polarization,23 did not vary 

significantly; nor did IL-10 or TGF-β, cytokines implicated in tumor progression. Paralleling 

the lymph node cellular infiltration data, the response of these markers to TLR9 stimulation 

also varied. Relative increases in intratumoral arginase, FoxP3, TGF-β, and IL-10 were 

greater in CEA-Tg compared to wild type mice. Whereas CD206 decreased and CXCL10 

was unchanged in wild type, CD206 increased and CXCL10 decreased in CEA-Tg mice. 

Tumor DC, macrophage, CD4 and CD8 cellular infiltration was also examined by 

immunohistochemistry (Figure 6B). Although there was a trend toward less macrophage and 

DC infiltration in CEA-Tg mice compared to wild type, differences at baseline and in 

response to ODN1826 did not reach the level of significance.

Depletion of pDC, MDSC, and Treg cells

Whether MDSC, pDC, and Treg cells in CEA-Tg mice regulated the response to rAAV-

CEA-ODN1826 immunization was assessed by depleting these cell populations using 

antibody-based methods (Figure 7). Effects of cellular and humoral immune responses were 

examined initially. There was a small increase in CEA-specific IFN-γ response in CEA-Tg 

mice depleted of pDC with PDCA1 antibody and depleted of MDSC with Gr1 antibody. 

IL-6 also increased with MDSC depletion (Figure 7A). There was also a small increase in 

CEA-specific antibody response after MDSC depletion and a small decrease with pDC 

depletion (Figure 7B). Depletion of Treg cells with CD25 antibody did not significantly 

modulate CEA specific cellular or humoral immune responses in CEA-Tg mice. The effects 

on antitumor activity was then examined (Figure 7C). Depletion of MDSC improved 

antitumor activity of rAAV-CEA-ODN1826 immunization (P < 0.02). There was a trend 

toward improved antitumor activity with pDC depletion but this did not reach the level of 

significance. Depletion of Treg cells did not have an impact. All mice in these experiments 

developed tumor, and the antitumor activity was manifest only in terms of a decrease in 

tumor growth rate.
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Discussion

Synthetic TLR9 and TLR7 agonists combined with rAAV-CEA can effectively promote 

antitumor immune response against CEA-expressing tumors in wild-type mice. Humoral 

responses to AAV-encoded transgenes have been much stronger and more consistently 

generated than cellular responses.2,3,4 With TLR7 and TLR9 agonist adjuvants strong 

cellular immune responses to CEA were produced in wild-type mice, in which CEA is a 

non-self antigen. Almost complete protection against challenge with MC38-CEA tumors 

resulted. rAAV vectors can produce durable expression of neo-antigens. Expression of 

antigens in tissues must be relatively high to facilitate DC priming of naïve CD8+ T cells by 

cross presentation.24 Furthermore, the duration of the activity of cytolytic T lymphocytes 

(CTL) has been shown to parallel the kinetics of antigen presentation.25

rAAV-CEA combined with synthetic TLR agonists also elicited a CEA-specific Th1-

associated cellular immune response in CEA-Tg mice in which CEA is a self antigen. As 

expected, this response was substantially less than that in wild-type mice; it was also not 

protective. Somewhat unexpected were observations that immunization with rAAV-CEA 

and TLR agonists could promote the growth of MC38-CEA tumors in CEA-Tg mice despite 

eliciting a measurable Th1-associated response to CEA. Not all attempts of enhancing 

antitumor activity in CEA-Tg mice with TLR agonists have been effective. Although CD4+-

mediated IFN-γ production was induced in CEA-Tg mice only when immunization with 

adenoviral vectors was performed in the presence of TLR adjuvants, the combination did not 

significantly impact the growth of MC38-CEA tumors.12 Therapeutic synergy was also not 

observed with a synthetic TLR7 agonist, SM360320, and immunization with a CEA plasmid 

vaccine (with electroporation), despite inducing a switch in anti-CEA antibody from IgG1 to 

IgG2a consistent with a Th1 response.26 That tumor growth can be promoted in CEA-Tg 

mice with an immunization strategy, however, has not been previously reported. We also 

found that humoral immune response was attenuated in CEA-Tg mice. Cellular immune 

responses are considered to be central to antitumor immunity, but passive transfer studies in 

CEA-Tg mice and clinical observations have demonstrated that antibodies as well as T cells 

contributed to the antitumor effects of CEA vaccines.18,27

That rAAV vectors can promote immune tolerance has been reported. Several factors 

appeared to influence immunogenicity of rAAV expressed transgenes, including the dose 

and route of administration, the subcellular localization and levels of the expressed protein, 

and the presence of inflammation at the administration site.28,29 The tolerance induced does 

not appear to be driven by Treg cells.29 That TLR stimulation can promote immune 

tolerance is also well recognized.30 Specific DC and B-cell subsets appears to be involved in 

the tolerance promoted by TLR9 stimulation.31,32 ODN1826 has also been shown to 

induced MDSC that efficiently suppress T cell-mediated immunoreactivity and graft-versus-

host disease in a murine model of allogeneic cell therapy.33 Relative increases in response to 

ODN186 in intratumoral arginase and TGF-β were greater in CEA-Tg compared to wild 

type mice in our studies. Both are associated with the suppression of antitumor immunity 

mediated by tumor-associated, M2-polarized macrophages.20 Signaling through TLR7 has 

been shown to enhance the immunosuppressive activity of murine Treg cells.34
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The mechanism of tolerance in CEA-Tg mice is not established. T-cell response against 

CEA appears to be blunted by both thymic and peripheral tolerance.35 We could not 

implicate a central role for Treg cells in the observations made. At baseline there was 

evidence that the intratumoral Treg response was actually less in CEA-Tg than in wild-type 

mice. Depletion of Treg cells in CEA-Tg mice resulted in an increased immune response 

and antitumor effect with adenovirus immunization.36 In this study, tumor challenge was 

intrasplenic, which may contribute immunologic activity and also has been reported to 

increased CD25+ cells.37 Our studies do implicate MDSC and pDC. CEA-specific cellular 

and/or humoral response did increase in CEA-Tg mice depleted of MDSC and pDC with 

antibody. The tumor progression that was observed with the combination of rAAV-CEA and 

CpG was lessened in mice depleted of MDSC. All mice, however, did develop tumor. 

Inhibiting MDSC has been shown to improve cancer vaccine response.38 In some tumor 

models depletion of Gr1+ cells has been shown to promote tumor regression;16,39 in others, 

however, tumor growth is promoted.40,41 Although pDC play a central role in regulating 

immune responses to microbial antigens, there are little data regarding the role of pDC, 

which express TLR7 and TLR9, in regulating cancer vaccine responses, viral vectored or 

other. pDCs that infiltrate solid tumor have been shown to present tumor antigens and 

induce Treg cells that inhibit antitumor immunity, including that promoted by CpG ODN.42 

It should be noted that C57Bl/6 mice have been characterized by less Treg cell expansion 

than other mouse strains.43

We observed qualitative and quantitative differences in the immune response to TLR 

agonists and syngeneic, non-CEA expressing tumors, in wild-type and CEA-Tg mice. CEA 

is a carcinoembryonic antigen-related cell adhesion molecule (CEACAM), a group of 

mammalian, immunoglobulin-related glycoproteins (reviewed in ref. 44). CEA, designated 

CEACAM5, was first characterized in gastrointestinal cancers, and measuring circulating 

CEA is used in the monitoring of patients with colorectal and other types of carcinomas. 

Although a murine CEA gene family has been identified, no direct counterpart to human 

CEA has been described. CEACAMS have been implicated in a variety of functions 

including cell-cell adhesion, host-pathogen interactions, and immune modulation. This 

includes inhibition of natural killer, Th cells, and CTL.45,46 CEA has also been implicated in 

suppressing TLR signaling of human DC and increasing their production of 

immunosuppressive cytokines such as IL-6 and IL-10.47 The effects of CEA of MDSC have 

not been reported. In pancreatic carcinoma patients the immune response to CEA is Th2-

deviated.48 We did observe a Th2 bias in CEA-Tg mice compared to wild-type to 

nonspecific immune stimulation. CEA is an attractive target for cancer vaccine approaches. 

Nonetheless, antitumor activity in the clinical trials reported to date has been limited.49 

Antitumor activity of TLR9 agonists in patients with carcinoma has also been limited.50 Our 

results underscore the complexity of the immune response to self, tumor-associated antigens 

and a potential limitation of genetic immunization with rAAV-vectored vaccines and TLR 

agonists.
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Figure 1. Effects of immunization on tumor growth in wild-type mice
C57Bl/6 wild-type mice were immunized with rAAV-CEA on day 1 followed by ODN1826 

(ODN) on days 15 and 17, imiquimod (Imq) on days 15–18, or pNGVL3 on day 15. Mice 

were challenged with MC38–CEA tumor cells on day 21 (day 0 on graph). NT = no 

treatment control. Data are presented as means ± SEM, n = 7 mice per group.
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Figure 2. Effects of immunization on tumor growth in CEA-Tg mice
CEA-Tg mice were immunized with rAAV-CEA on day 1 followed by (A) ODN1826 

(ODN) on days 15 and 17 or (B) imiquimod (Imq) on days 15–18. Mice were challenged 

with MC38-CEA tumor cells on day 21 (day 0 on graph). NT = no treatment control. Data 

are presented as means ± SEM, n = 10 mice per group. (C) CEA-Tg mice were immunized 

with rAAV-CEA on day 1 followed by ODN1826 (ODN) on days 15 and 17. Mice were 

challenged with MC38 or with MC38-CEA tumor cells on day 21 (day 0 on graph). NT = no 

treatment control. Data are presented as means ± SEM, n = 8 mice per group. (D) CEA-Tg 

mice were immunized with rAAV-CEA on day 1. Mice were implanted with MC38-CEA 

tumor cells on day 15 (day 0 on graph). On days 21 and 24, when tumor was palpable, mice 

were treated with ODN intratumorally (IT). Data are presented as means ± SEM, n = 7 mice 

per group.
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Figure 3. Effect of immunization on CEA-specific cellular and humoral immune response
C57Bl/6 wild-type (WT) and CEA-Tg mice were immunized with rAAV-CEA on day 1 

followed by ODN1826 (ODN) on days 15 and 17. Splenocytes and sera were collected on 

day 21. (A) CEA specific IFN-γ production was assessed by ELISA. Data represent means ± 

SD, n = 4 mice per group. (B) Total serum IgG antibody levels against CEA were 

determined by ELISA. Data represent means ± SD, n = 4 mice per group. * = P < 0.05, 

versus NT; ** P < 0.05, WT versus CEA-Tg.
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Figure 4. Effect of immunization on CEA-specific Th1/Th2/Th17 response
C57Bl/6 wild-type (WT) and CEA-Tg mice were immunized with rAAV-CEA on day 1 

followed by ODN1826 on days 15 and 17. (A) Splenocytes were collected on day 21. CEA-

specific Th1/Th2/Th17 cytokine production was assessed by CBA. Data represent means ± 

SD, n = 4 mice per group. (B) Splenocytes from mice immunized with rAAV-CEA on day 1 

followed by ODN on days 15 and 17 were stimulated with ConA. Th1/Th2/Th17 cytokine 

production was assessed by CBA. Data represent means ± SD, n = 4 mice per group. * P < 

0.05, WT versus CEA-Tg.
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Figure 5. 
Effects of ODN1826 (ODN) on lymph node cells in wild-type (WT) and CEA-Tg mice. 

MC38 tumor cells were implanted s.c. on day 1 into C57Bl/6 wild-type and CEA-Tg mice. 

Groups of mice were treated with ODN on days 8 and 10. NT = no treatment control. 

Draining lymph nodes were harvested on day 15. The number of CD11b+ monocyte/

macrophages, B220+ B cells, CD4+FoxP3+ Treg cells, CD11b+Gr1+ MDSC, 

CD11c+CD11b+ mDC, CD11c+B220+ pDC, and CD11c+CD86+ aDC were assessed by flow 

cytometry. Data represent means ± SD, n = 4 mice per group. * = P < 0.05, ODN versus NT; 

** P < 0.05, WT versus CEA-Tg.
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Figure 6. Effect of ODN1826 (ODN) on the tumor microenvironment in wild-type (WT) and 
CEA-Tg mice
MC38 tumor cells were implanted s.c. on day 1 into C57Bl/6 WT and CEA-Tg mice. 

Groups of mice were treated with ODN on days 15 and 17 and spleens harvested on day 17. 

(A) The relative levels of immunoregulatory cytokines/factors were determined by QRT-

PCR at baseline. Data represent means ± SD, n = 4 mice per group. (b) Phenotypes of 

infiltrating cells were assessed by immunohistochemistry. Data represent means ± SD, n = 4 

mice per group. * = P < 0.05, WT versus CEA-Tg; ** P < 0.05, ODN versus no treatment.
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Figure 7. Effects of pDC, Treg, and MDSC depletion on immunization in CEA-Tg mice
CEA-Tg mice were immunized with rAAV-CEA on day 1 and ODN1826 (ODN) on days 15 

and 17. Anti-CD25, anti-Gr1, or control IgG antibody was given i.p. on days 13, 15, and 17; 

anti-PDCA-1 i.p. on days 13 and 15. Sera and spleen cells were harvested on day 22. (A) 

CEA-specific Th1/Th2/Th17 cytokine release was assessed by CBA. Data represent means 

± SD, n = 3 mice per group. * = P < 0.05 versus IgG control. (B) CEA-specific IgG 

antibody was measured by ELISA. Data represent means ± SD, n = 3 mice per group. * = P 

< 0.05 versus IgG control. (C) CEA-Tg mice were immunized with rAAV-CEA, anti-
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PDCA-1, CD25, Gr1, or control (IgG) antibody, and ODN as above and challenged with 

MC38-CEA tumor cells on day 21 (day 0 on graph). Data are presented as means ± SEM, n 

= 6 mice per group.
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